The necessity for more robust, safe, and efficient products for pharmaceutical, medical, electronic, and biomaterial applications has increased over the years. The exploration of novel materials has become a fundamental research area with an emphasis on the generation of novel devices at the nanoscale for enhanced delivery of drugs, sensitive probes, and tissue engineering scaffolds. Among these, polymers are of particular interest for a variety of applications, as these systems/devices comprehensively demonstrate improved thermostability, chemical stability, strength, flexibility, biocompatibility, biodegradability, favorable pharmacokinetics and pharmacodynamics, low immunogenicity, and stimuli responsiveness.^[@ref1]−[@ref6]^ However, one major disadvantage of chemical polymers is the difficulty in controlling the size, shape, and stoichiometry of the polymer product. The polymerization course is generally a random aggregation process. RNA is a natural polymer that has a predictable and controllable self-assembly property to generate structures with defined size, shape, and stoichiometry.^[@ref7]−[@ref12]^ Notably, triangular and square RNA structures have been constructed and experimentally confirmed by native PAGE.^[@ref13]−[@ref21]^ Consequently, RNA nanotechnology^[@ref19]^ is an evolving field with enormous potential, and an alternative to the polymer field.^[@ref17]^

The structural features of RNA motifs have been widely utilized in architectonics, an approach for rational design of 2D or 3D RNA nanoscaffolds. Thus, a variety of elegantly shaped RNA nanoassemblies have been previously obtained with a high degree of control and predictability.^[@ref18]−[@ref27]^ The controlled size and 3D orientation is advantageous for biodistribution, pharmacokinetics, and toxicology properties of RNA nanoparticles.^[@ref17],[@ref28]^ For example, the pRNA of the bacteriophage phi29 has shown great promise to be used in nanomedicine to deliver functional RNAs to specific target cells.^[@ref29]−[@ref33]^

Despite the advantages of RNA nanoparticles, such as structural and functional diversity, the presence of the hydroxyl group at 2′ ribose has a dramatic effect on its properties. Even though double-stranded RNA offers improved thermal stability with base stacking and fixed C3′-endo sugar associated A-form helical structure, RNA is still amenable to RNase digestion^[@ref34]^ and can be hydrolyzed by divalent metal ions.^[@ref35]^ The lack of covalent bonds among RNA nucleotides within the 3D structure, together with reactive 2′-OH group, makes RNA relatively unstable and dissociable at ultralow concentrations. Although chemical modifications to RNA nucleotides have been shown to be useful in extending the half-life of RNA in the body, RNA secondary structure is still sensitive to denaturation.^[@ref31]^

In a recent report, the 3WJ motif of pRNA was discovered to be unusually stable.^[@ref32]^ This property of the 3WJ was successfully used to generate highly stable RNA nanoparticles capable of carrying therapeutic RNA moieties including siRNA, ribozymes, and receptor-binding aptamers.^[@ref18],[@ref33]^ Here, we report the rational design of novel triangular-shaped RNA nanoparticles using the structural features of the pRNA-3WJ motif. The designed triangular module was found to be significantly more thermostable than the previously reported pRNA-3WJ^[@ref32]^ and 4WJ.^[@ref18]^ The triangles were resistant to boiling temperature and were used for the construction of supramolecular assemblies, delivery of RNA therapeutic moieties, and as stimuli responsive nanodevices. The main motivation was the construction of RNA triangular scaffold out of pRNA 3WJ and demonstration of its robust applicability. As such, our goal was to demonstrate that the thermodynamically stable geometry of the 3WJ can be utilized for construction of other building blocks for industrial applications. Polymers have enormous applications in industry; a new anionic polymer that can be controlled to build structures with defined shape and stoichiometry will add unexpected applications to the polymer field.

Results and Discussion {#sec2}
======================

Design of RNA Triangular Nanoparticles {#sec2.1}
--------------------------------------

The key to building large RNA architectures is the control of turning angles. The 3D crystal structure of the 3WJ domain of phi29 pRNA^[@ref36]^ was used to manually design RNA triangular models using Swiss PDB Viewer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The crystal structure of the 3WJ domain contained three short helices: H1, H2, and H3. Each helix of the 3WJ was extended with 8 nucleotides (NT). This extended pRNA-3WJ structure with three helices formed a planar shape. The importance in the outcome of this pRNA-3WJ is that the angle created between H~1~ and H~2~ was ∼60°. Three copies of the extended 3WJs structures were as follows: H~1~ of the first 3WJ was joined with H~2~ of the second 3WJ. In the same manner, H~1~ of the second 3WJ was connected to H~2~ of the third 3WJ, and H~1~ of the third 3WJ was joined with H~2~ of first 3WJ. Thus, a connection resulted in an equilateral triangle whose angles all equal ∼60°.

![RNA triangle nanoparticles design scheme and self-assembly. (A) Design scheme of triangular nanoparticle. Step 1, the atomic resolution structure of pRNA 3WJ motif highlighted by the rectangle was obtained and analyzed. The flexible angle ∼60° formed by H1 and H2 was used for triangle design on Swiss-PDB viewer as shown in following step. Step 2, the 3D model of triangle shape was designed by carefully joining extended helices (H1 and H2) using Swiss PDB viewer software. Step 3, the sequences and secondary structure of the triangle was obtained based on free energy sequence optimization algorithm using *mfold*. The resulting secondary structure contained four RNA strands: three identical in length (48 nt) A (red), B (blue), and C (brown), as well as longer strand D (green 66 nt). (B) Native PAGE (6%) showing stepwise association of individual strands into triangle fractions, RNA total strands stain in ethidium bromide (E.B.). Lane M is the DNA stepladder. The corresponding AFM images of purified triangles are shown at the bottom. (C) Titration curve fitting data collected from several independent experiments of RNA, 2′F-RNA, and Hybrid triangle assembly. (D) Thermal melting curves of RNA, 2′F-RNA, and hybrid triangles obtained from TGGE data.](nn-2014-006254_0001){#fig1}

The final triangle model contained four RNA strands: three short (A, B, and C) that were equivalent in length and a fourth longer strand, referred to as D, that formed the core of the triangle. The triangle nanoparticles contained three pRNA-3WJ motifs, one at each vertex (corner), that were ∼12 nm in length when measured from one vertex to another. To preserve planar triangular conformation, 8 bp between 3WJ domains after the subsequent joining of H~1~ and H~2~ was optimal. As a result, the dihedral angle between each 3WJ was 0°. The secondary structure of the triangle was obtained by RNA sequence optimization using *mfold*.^[@ref37]^ This was done to avoid self-folding, as well as to prevent the formation of alternative secondary structures.

The designed RNA nanoparticle with an equilateral triangular shape has several advantages with which to address the needs of nanotechnology: (i) relatively small size ∼12 nm, (ii) ability to carry multiple functional RNA groups simultaneously, and (iii) can be utilized in the construction of a supramolecular pattern resembling honeycombs. Several biochemical approaches including polyacrylamide gel electrophoresis (PAGE), temperature gradient gel electrophoresis (TGGE), and atomic force microscopy (AFM) were implemented to confirm the formation of the triangular structures and its functional derivative, as well as to elucidate their properties. For comparison, three different triangles, (1) an RNA triangle (rA, rB, rC, and rD); (2) a 2′F-U/C modified triangle (fA, fB, fC, and fD); and (3) a hybrid triangle (rA, rB, rC, and fD), were used in this study.

Self-Assembly Properties of RNA Triangles {#sec2.2}
-----------------------------------------

The triangular nanoparticle stepwise self-assembly of RNA, 2′F-U/C modified RNA, and hybrid RNA was monitored by 6% native PAGE ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). The gradually decreasing mobility of RNA species on the gel upon addition of corresponding strands indicated the formation of monomers (M), dimers (D), trimers (T), and fully assembled triangles (tetramers). The yield of RNA folding into correct triangular units was estimated to be ∼90%. The AFM images of each purified fraction of tetramers further provided evidence that the assembled strands of nanoparticles had a triangular shape ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). The measured dimensions of 3D models correlated well with those obtained by AFM images, and were within 12 nm. To confirm that all four RNA strands participated in the formation of the triangle, additional radio-assay PAGE experiments were performed ([Supporting Information, Figure S1A](#notes-1){ref-type="notes"}). The resulting PAGE shows that all nanoparticles localized as a unique band on the gel with identical migration distances indicating incorporation to triangle fractions.

Since each corner of the triangle was composed of the chemically and thermodynamically stable pRNA-3WJ motif, we further addressed the question regarding the assembly of triangles in harsh conditions, particularly in the presence of 8 M urea ([Supporting Information, Figure S1C](#notes-1){ref-type="notes"}). The assembly data showed that the formation of the 2′F-U/C modified RNA triangles in this harsh environment was highly Mg^2+^-dependent. A very weak triangle fragment was detected at 0 mM MgCl~2~; however, at 1 mM there was a clearly visualized triangle band; further increasing the Mg^2+^ concentration did not increase the yield of the nanoparticle. The Mg^2+^ was extremely important in stabilizing the pRNA-3WJ tertiary conformation, as demonstrated previously.^[@ref36],[@ref38],[@ref39]^ This indicates that 2′F-modified RNA strands had a tremendous affinity to assemble into triangular geometry, and that the triangle can form in the presence of the denaturing reagent. To our knowledge, this finding of RNA self-assembly in presence of 8 M urea has not been documented anywhere before.

Comparison of Stabilities in RNA, Hybrid, and 2′F-RNA Triangular Nanoparticles {#sec2.3}
------------------------------------------------------------------------------

To compare the assembly properties of the triangular nanoparticles, apparent dissociation constants (*K*~D~) were obtained at an equilibrium state, a parameter that directly reflects the assembly of RNA at different concentrations. The *K*~D~ value for the RNA triangle was found to be ∼1.2 nM; *K*~D~ values for hybrid and 2′F-U/C triangles were ∼0.6 and 0.3 nM, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). Since the *K*~D~ values reflect the stabilities of individual nanoparticles, the data indicates that 2′F-nanoparticles were more stable than hybrid, and hybrid were more stable than RNA triangles.

In addition, to investigate and compare the thermostability, temperature gradient gel electrophoresis (TGGE)^[@ref23],[@ref26],[@ref33]^ studies were employed to determine the melting temperatures of the individual triangles. The melting temperatures of the triangles were determined by measuring the decrease in the yield of triangular fractions *versus* temperature. A temperature gradient was applied perpendicular to the electrical current. Initially, experiments were conducted in presence of 10 mM MgCl~2~ with an RNA concentration of 100 nM and no melting temperatures (*T*~M~ = 50% triangle formed) ([Supporting Information, Figure S3](#notes-1){ref-type="notes"}) were reached in the temperature range of 40--80 °C. The concentrations of the triangles were then diluted from 100 to 1 nM, which also did not result in a melting temperature determination. The TGGE system used in our experiment was not capable of heating the thermal block over 80 °C. This initial data suggests that even at 1 nM concentration triangular nanoparticles exhibit a *T*~M~ higher than 80 °C. By contrast, when the concentration of Mg^2+^ was reduced to 0.2 mM, *T*~M~ values were reached ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D), and the most stable was the 2′F-modified triangle with *T*~M~ = 67.4 °C, followed by the hybrid triangle *T*~M~ = 59.8 °C, and the RNA triangle *T*~M~ = 53.3 °C. This data is consistent with their low *K*~D~ values. Thus, the triangular nanoparticles are extremely stable as they exhibited subnanomolar *K*~D~ and high *T*~M~. This stability is presumably due to a synergistic effect of three thermodynamically stable pRNA-3WJ motifs. Combination of three 3WJs could lead to a added effect concerning structure stability due to the increased number of Watson--Crick base pairs and interdomain interactions. Importantly, it has been found that the thermostability of the triangles can be simply tuned by substituting RNA strands to 2′F-U/C and *vice versa*, or by varying Mg^2+^ concentration.

Resistance of the RNA Nanoparticles to Boiling Temperature and in Presence of 8 M Urea {#sec2.4}
--------------------------------------------------------------------------------------

The above data obtained by TGGE analysis suggested that the *T*~M~ of RNA triangular nanoparticles are higher than 80 °C in the presence of 10 mM MgCl~2~; thus, the triangular nanoparticles could be resistant to much higher temperatures (*e.g.*, boiling 100 °C).

To test nanoparticle resistance to boiling temperatures, the 5′-end of the A, both RNA and 2′F-U/C, strand was \[γ-^32^P\]-ATP labeled, and these were then preassembled with their complementary strands. The samples were incubated for 5 min at 100 °C in presence of the competitor "cold" strands, rA or fA, ranging in stoichiometric ratios from 1:0 to 1:3 for RNA, hybrid, and 2′F-U/C triangles ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Quantification analysis of remaining triangle bands showed that the fraction of hybrid and 2′F-U/C RNA nanoparticles remained 100% after incubation at boiling temperature, without the presence of a competitor strand. The RNA triangle partially dissociated, but a large fraction (∼75%) still remained as an assembled component, demonstrating the resistance of triangular nanoparticles to boiling temperature.

![Boiling temperature and urea resistance assay. (A) The boiling temperature effects on stability of RNA, hybrid, and 2′F-RNA triangles evaluated by 6% native PAGEs. Fixed concentrations of ^32^P ATP-labeled \[rA\*, rB, rC, rD\], \[rA\*, rB, rC, 2′F-D\], and \[2′F-A\*, 2′F--B, 2′F-C, 2′F-D\] triangles were incubated with unlabeled rA or 2′F-A strands at ratios from 1:0 to 1:3 for 5 min at 100 °C . The quantified fractions of remaining triangles obtained from three independent experiments are shown on bottom left. (B) Effect of 8 M UREA on stability of triangles. The 8% polyacrylamide gel was cast in 1× TB buffer, and the RNA bands were visualized by total RNA stain in E.B.](nn-2014-006254_0002){#fig2}

To further evaluate and compare the stabilities of the triangles, we conducted the same boiling resistance assay but in the presence of 8 M urea. Preassembled triangles (5 μM each in TMS buffer) were mixed with urea (8 M final concentration) and either incubated at room temperature (RT) for 30 min or heated to 100 °C followed by cooling on ice. The resulting PAGE demonstrated that all triangles were resistant to urea as individual bands corresponding to triangles were observed, shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B. Heating in presence of urea, however, destabilized the triangular species ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B) to an insignificant extent. This, in addition to *K*~D~ and *T*~M~, demonstrated the extraordinary stability properties of the RNA, hybrid, and 2′F-U/C RNA triangles.

Multipurpose RNA Triangular Nanobricks {#sec2.5}
--------------------------------------

It is of particular importance to demonstrate the potential applicability of the triangular RNA nanoscaffolds. As such, we raised the question whether incorporated functional RNA moieties, including RNA fluorogenic aptamers, and therapeutic RNA molecules would fold into their functional 3D structures with preserved functionalities resulting in multifunctional RNA nanoparticles. Furthermore, we tested the triangle's use as a building block for the construction of supramolecular structures.

### Triangles as Fluorogenic Reporters {#sec2.5.1}

The concept of multifluorescent nanodevice fabrication *via* triangular nanoscaffold assembly was demonstrated using two different fluorogenic RNA aptamers emitting light in different spectra: MG^[@ref40]^ and SPINACH,^[@ref41]^ as well as 3′-end Cy3 labeled ssRNA. The triphenylmethane (MG) and 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) dyes exhibit no fluorescence in solution when in an unbound state. Upon binding to their aptamers, the fluorescence increases drastically;^[@ref32],[@ref42]^ however, to achieve this, the aptamers must fold correctly. RNA and hybrid triangles were used in this study, but not 2′F-nanoparticles because the original MG aptamer sequence was not generated by the 2'F nucleotides.

The RNA fluorogenic nanoparticles were designed by fusing the corresponding MG and SPINACH aptamers, as well as the complementary RNA sequence, to the Cy3 labeled ssRNA into the triangle RNA strands ([Supporting Information, Figure S5A](#notes-1){ref-type="notes"}). To verify that the assembled nanoparticles were functional, the fluorescence assay was performed directly on native PAGE ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). For convenience, the resulting fluorescence of SPINACH aptamer is shown in green color, MG in red, and Cy3 in yellow. Thus, we are able to detect emission of different RNA aptamers as well as the Cy3 dye within the same triangular species by tuning excitation wavelength. This indicates that the MG and SPINACH aptamers fused into triangular nanoparticles retain their structure and functionality.

![Construction of multifunctional fluorogenic RNA triangles harboring MG and SPINACH RNA aptamers and Cy3-labeled DNA. (A) Assembly of fluorogenic triangles evaluated on 6% native PAGE. Gel fluorescence assay from top to bottom: (i) gel was directly scanned using Cy3 channel, then stained simultaneously in solution containing DFHBI and MG dyes (5 μM), and scanned using MG channel (ii) and SPINACH channel (iii). (iv) Gel was stained in E.B. for total RNA visualization. (B) Fluorescence assay in solution (TMS buffer) of corresponding RNA and hybrid triangles. The excitation wavelengths used were λ~exc~ Cy3 = 520 nm, λ~exc~ MG = 615 nm, λ~exc~ SPINACH = 450 nm. (C) AFM images of fluorogenic RNA and hybrid triangles. A curve like tail at one of the corners is the signature of the SPINACH aptamer sequence.](nn-2014-006254_0003){#fig3}

Emission properties of the fluorogenic triangles in solution were also measured. The fluorescence spectra obtained for individual RNA and hybrid triangles in the presence of 1 μM MG and DFHBI dyes, as well as for Cy3 labeled ssRNA, support PAGE experiments ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Fused SPINACH and MG RNA aptamers retained their capacity to bind DFHBI and MG dyes, as demonstrated by their fluorescence emissions suggesting functional properties of triangular nanoparticles.

Furthermore, the AFM images confirmed the triangular shape of the assembled fluorogenic nanoparticles ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). Interestingly, one corner of RNA and hybrid triangles had a distinct curve-like tail, which most likely resulted from the shape of the SPINACH RNA aptamer as its sequence was large enough to be detected alone by AFM, compared to MG and Cy3 functionalities.

These results indicate that the RNA and hybrid triangular nanoparticles can be multifunctionalized with different RNA aptamers simultaneously and the emission signals can be then tuned by applying different excitation wavelength. This demonstrates the robust potential of fluorogenic triangular nanoparticles as image reporter devices and also a potential in computer "logic gate" operations.^[@ref43]^

### RNA Triangular Nanoscaffolds as Therapeutic Agents {#sec2.5.2}

The RNA therapeutics research focuses on discovering various approaches to introduce small noncoding RNAs including siRNA, miRNA, ribozyme and/or reporter agents into living cells.^[@ref44]^ Thus, the primary goal was to deliver these RNA functionalities to specific targets *in vivovia* stable RNA scaffolds to prevent the degradation of individual functional RNA components. Therefore, the RNA and hybrid triangles were further designed to harbor functional therapeutic moieties, including luciferase siRNA to target the firefly luciferase gene,^[@ref18]^ a Hepatitis B virus cleaving ribozyme, and a short DNA strand containing folate (FA) ligand^[@ref29]^ ([Supporting Information, Figure S5B](#notes-1){ref-type="notes"}). In addition, the core RNA or 2′F-U/C D strands were whole chain labeled with Cy5 to serve as reporter component in cellular uptake. The assembly of such therapeutic triangles was confirmed by native PAGE ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A) and further evaluated by AFM ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B).

![Assay of multifunctional therapeutic RNA triangles harboring ribozyme, siRNA, and folate conjugated ssDNA. (A) Assembly of the RNA and hybrid triangles evaluated in 6% native PAGE, stained in E.B. for total RNA visualization (B) AFM images of corresponding therapeutic RNA and hybrid triangles. (C) *In vitro* targeting assay. Confocal images showing the targeting of RNA nanoparticles to folate receptor (FR) positive KB cells by colocalization (overlap, 3; magnified, 4) of Cy5 labeled triangular RNA nanoparticles (red, 1) and nuclei (blue, 2). (D) Luciferase silencing assay demonstrated function of the triangles harboring siRNA (12.5 nM). (E) Assessment of RNA and hybrid triangles for HBV ribozyme catalytic cleavage activity in 10% denaturing PAGE. Lanes: 1, HBV ribozyme RNA substrate; 2, RNA substrate incubated with inactive pRNA HBV ribozyme; 3, RNA substrate incubated with pRNA HBV ribozyme; 4, RNA substrate incubated with RNA triangle; 5, RNA substrate incubated with RNA HBV ribozyme triangle; 6, RNA substrate incubated with hybrid triangle; 7, RNA substrate incubated with hybrid HBV ribozyme triangle.](nn-2014-006254_0004){#fig4}

Next, the function of each RNA moiety was assayed individually to confirm that each was able to function while bound to the triangular scaffold. The FA incorporated triangles were assayed based on their ability to facilitate cancer cell targeting, as previously reported.^[@ref45]^ The "naked" triangles with no FA conjugated RNAs served as negative controls. Confocal imaging indicated binding of the triangular nanoparticles harboring FA and their entry into the targeted cells, as demonstrated by the colocalization and overlap of the fluorescent RNA nanoparticles (red) and nuclei (blue), shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C. The nonspecific cell entry is not significant since the nanoparticle size is about 13 nm, which is larger than the 23 nt double-stranded siRNA itself. In addition, RNA is negatively charged. The larger size will reduce the random entry rate of the negatively charged and ligand-free RNA nanoparticles to enter normal cells that do not contain specific receptors.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D demonstrates the silencing function of the triangular nanoparticles containing siRNA for firefly luciferase. The low ratio of firefly to renilla luciferase expression relative to a scrambled RNA control indicated proper siRNA functioning by the triangle nanoparticles. The HBV ribozyme on the nanoparticles was able to cleave the 135 nt genomic RNA substrate ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E), indicating that ribozyme retained its native conformation and function.

### Organizational Power of Triangular Nanobricks for Patterned 2D Arrays {#sec2.5.3}

The bottom-up spatial organization of nucleic acid based polymers is the key intermediate in the development of molecular electronics and tissue engineering. The application of sticky ends has been shown in fabrication of 2D and 3D structured arrays, as well as in complex 3D RNA nanostructures.^[@ref17],[@ref19],[@ref21],[@ref23],[@ref46]−[@ref48]^ To reveal the potential feasibility of triangle nanoparticles in 2D supramolecular construct formations, the triangles were functionalized at their corners with sticky ends containing 6-nt. Swiss-PBD program was used to model the 2D supramolecular complex, and final sequences for monomer 1 and 2 were obtained using *mfold* ([Supporting Information, Figure S5C](#notes-1){ref-type="notes"}). By using three branches of the triangles, we were able to produce 2D honeycomb-like arrays evidenced by native PAGE ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). A 1:1 ratio of monomer 1 and monomer 2 with three sticky ends was used to construct the honeycomb-like array structures. The overall topology was investigated by AFM in air in presence of 50 mM MgCl~2~ solution. This Mg^2+^ concentration was found to be necessary to stabilize the overall honeycomb geometry as only 6 interacting nucleotides were introduced. The predicted and observed honeycomb-like architectures were in remarkable agreement with each other. The central cavity has an overall size of ∼35 nm. Similarly, upon inactivation of one corner of the triangles, we were able to construct a single hexamer unit of the honeycomb array ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). The B strand of monomer 1 was replaced by b′ strand from monomer 2; thus, the interaction of B--b′ corner was blocked preventing the supramolecular complex formation. Again, utilizing a 1:1 ratio of monomer 1 to monomer 2, with 2 sticky ends, a single hexamer unit was assembled.

![Fabrication of structured honeycomb arrays using RNA triangles. (A) Schematic diagram of the experimental design; two monomers interact with each other using sticky nucleotides: A--a′, B--b′, and C--c′. Native 6% PAGE and AFM images confirm the formation of honeycomb triangle pattern. (B) Formation of hexamer unit of honeycomb pattern. The B strand in monomer 1 was substituted for its complementary b′ strand to prevent poly array formation. The 6% native PAGE shows the formation of a hexamer that was further evaluated by AFM. Lane M on the native PAGE is the 100 bp DNA stepladder (Fermentas Life Sciences).](nn-2014-006254_0005){#fig5}

Thus, the concept of sticky end conjugation was successfully applied to the thermostable RNA triangles. This opens a new route to organize different molecular components with high precision, to generate nanochips, nanocircuits, and nanodevices with potential applications in computer and material sciences, nanotechnology, and nanomedicine.

Conclusion {#sec3}
==========

The thermodynamically stable pRNA-3WJ tertiary motif of the bacteriophage phi29 DNA packaging motor can be used to engineer programmable, self-assembling RNA nanoscaffolds with a defined triangular shape. In addition to subnanomolar *K*~D~ values and high melting temperatures, the triangular nanobricks were also shown to be resistant to boiling. The 2′F-U/C modified RNA triangle showed exceptional stability, as it self-assembled in 8 M urea solution. These stable nanomaterials were feasible as scaffolds to harbor multiple RNA functionalities, as demonstrated by multifunctionalization assays with fluorogenic RNA aptamers, as well as therapeutics moieties. Exceptionally stable triangle scaffolds are perfect materials to build supramolecular complexes: hexamers or honeycomb structured arrays. This work paves the way toward production of highly stable RNA anionic polymer for potential application in technological needs alternative to the chemical polymers.

Materials and Methods {#sec4}
=====================

Design, Preparation, And Assembly of RNA Triangles {#sec4.1}
--------------------------------------------------

The three-dimensional structure of the pRNA 3WJ core motifs were obtained from a previous report.^[@ref36]^ Each "arm" of 3WJ was manually extended with 8 bp helices using Swiss-PDB Viewer. The resulting 3D atomic model was primarily used for triangular pRNA shape as follows: H~1~ of first 3WJ was connected to H~2~ of the second structure, H~1~ of the second 3WJ was connected to H~2~ of the third structure, and H~1~ of the third 3WJ was connected to H~2~ of the first 3WJ. The triangle model was made planar by twisting the preformed dihedral angle between H~1~ and H~2~.

Synthetic DNA molecules coding for the antisense sequence of the triangle RNA strands were purchased from IDT DNA ([www.idtdna.com](www.idtdna.com)) and amplified by PCR using primers containing the T7 RNA polymerase promoter. PCR products were purified using the QiaQuick PCR purification kit (Qiagen Sciences, Germantown, MD). RNA molecules were prepared by *in vitro* transcription using T7 RNA polymerase. Modified RNA strands (2′-deoxy-2′-fluoro) were synthesized by *in vitro* transcription with the mutant Y639F T7 RNA polymerase^[@ref50]^ using the 2′-F modified dCTP and dUTP (Trilink).^[@ref51]^ When necessary, RNA strands were labeled at the 5′-end with \[^32^P\] ATP (PerkinElmer) or were whole body labeled using Label IT siRNA Tracker Intracellular Localization Kit, Cy3TM or Cy5TM (Mirus Bio LLC).

The triangles assembly was achieved by mixing equimolar RNA strands (1 μM) in TMS (50 mM Tris, pH 8.0, 100 mM NaCl, and 10 mM MgCl~2~) buffer by heating to 94 °C and slow cooling (over 1 h) to +4 °C, or by incubating RNA strands in TMS buffer at 37 °C for 30 min. Alternatively, the four individual DNA templates can be mixed at equimolar concentrations in transcription buffer and assembled co-transcriptionally in one step (data not shown), as previously described.^[@ref49]^

Native-PAGE, *T*~M~ and *K*~D~ Measurements {#sec4.2}
-------------------------------------------

The triangular constructs were assembled as indicated above, and 6× loading dye (80% sucrose, 0.01% bromophenol blue, 0.01% xylene cyanol) was added to each RNA sample prior to loading on native gels. All native gels were run at +4 °C at 90 V for 3 h. Ethidium bromide solution was used for total RNA, hybrid, and 2′F-U/C stain. The corresponding bands were visualized using Typhoon imager (GE) with the emission centered at 570 nm. The gels containing fluorogenic triangles were stained in a mixture of MG and DFHBI dyes (5 μM) for 10--20 min and visualized by Typhoon at the SPINACH λ~exc~ = 473 nm and MG-apt λ~exc~ = 635 nm. The gels containing Cy3 and Cy5 labeled triangles were visualized on Typhoon with λ~exc~ = 532 nm and λ~exc~ = 635 nm. The gels containing 5′-end radiolabeled RNA strands were vacuum-dried and exposed to a phosphoimager screen overnight prior scanning with the Typhoon imager.

Apparent equilibrium constants of dissociation (*K*~D~) for triangles were determined in TMS buffer according to a previously described procedure.^[@ref49]^ Briefly, the quantified triangle fractions (f) were plotted *versus* the total concentration (Ct) of the RNA, hybrid, or 2′f-U/C strands. The nonlinear curve fitting was applied to the data from several independent experiments using Origin 8.0 software. The general equilibrium equation for multistrand nucleic acid components was used according to^[@ref52]^where *n* = 4 (four RNA strands).

All gels were quantified using ImageJ software. Equal-sized boxes were drawn around the bands corresponding to the triangle fractions. The yield for each RNA, hybrid, or 2′f-modified triangles was calculated by dividing the corresponding quantified value for triangles by the total sum of the values for all monomers, dimers, and trimers present in the quantified lane.

Melting temperatures of the triangular nanoparticles were calculated based on native TGGE as previously described.^[@ref33],[@ref46]^ Analysis was performed using in both 10 and 0.2 mM MgCl~2~; a linear temperature gradient from 40 to 80 °C was applied perpendicular to the electric field ([Supporting Information, Figures S3 and S4](#notes-1){ref-type="notes"}). Gels were run for 1.5 h, at 30 W. Initially, TMS buffer was used in the concentration dependent study of varying RNA concentrations tested (100--1 nM) resulting in no transition curve. For these studies, a TGGE system (Biometra GmbH, <http://www.biometra.com/244.0.html>) was employed allowing for the observation of the melting RNAs.

Boiling-Resistance Assay {#sec4.3}
------------------------

The 5′-end \[gamma-^32^P\] ATP labeled A and 2′F-U/C A strands were preassembled with their complementary strands at equimolar concentrations. The samples then were incubated for 5 min at 100 °C in presence of the competitor "cold" strands A or 2′F-U/C A ranging from 1:0 to 1:3 stoichiometric ratios. This time was sufficient for the temperature to spread evenly across 10 μL of total RNA volume. The boiling was stopped by immediately freezing the RNA samples on dry ice to prevent the refolding of any dissociated RNA products. The samples were then thawed on ice prior to subjecting them to a native PAGE equilibrated at +4 °C to minimize any reassembly processes.

Fluorescence Measurements {#sec4.4}
-------------------------

Native 6% PAGE was used to detect the fluorescence emission of fluorogenic nanoparticles. To achieve this, first we recorded the emission of Cy3-RNA incorporated strand with λ~exc~ centered at 532 nm on Typhoon fluorescence scanner. Then, the gel was stained simultaneously in a mixture of 5 μM MG and 5 μM DFHBI and scanned for the MG-apt fluorescence, λ~exc~ centered at 635 nm, and for SPINACH-APT fluorescence λ~exc~ centered at 473 nm. After images were recorded at different excitation wavelengths, the total RNA stain in E.B. solution was performed to detect all RNAs in the gel ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, bottom).

Fluorescence emission in solution was measured as previously reported.^[@ref32]^ Briefly, assembled triangular nanoparticles (0.2 μM) harboring MG and SPINACH aptamers in TMS buffer were mixed with MG (2 μM) or with DFHBI (2 μM) (Lucerna, Inc., <http://www.lucernatechnologies.com>) and incubated at room temperature for 30 min (Figure [4](#fig4){ref-type="fig"}D). Fluorescence was measured using a fluorospectrophotometer (Horiba Jobin Yvon), excited at 450 nm (465--750 nm scanning for emission) for SPINACH and 615 nm (625--750 nm scanning for emission) for MG dyes. The Cy3 emission in range of 535--750 nm was detected using excitation wavelength of 520 nm.

AFM Imaging {#sec4.5}
-----------

RNA was imaged using specially modified mica surfaces (APS mica)^[@ref18],[@ref32],[@ref33],[@ref53],[@ref54]^ with a MultiMode AFM NanoScope IV system (Veeco/Digital Instruments, Santa Barbara, CA), operating in tapping mode.

HBV Ribozyme Activity Assay {#sec4.6}
---------------------------

HBV ribozyme activity assay was conducted similarly to that described previously.^[@ref29]^ Briefly, HBV RNA substrate was 5′-end radiolabeled with \[γ-^32^P\] ATP and incubated with the RNA triangle conjugated HBV ribozyme or hybrid triangle conjugated ribozyme at 37 °C for 60 min in a buffer containing 20 mM MgCl~2~, 20 mM NaCl, and 50 mM Tris-HCl (pH 7.5). The pRNA/HBV ribozyme served as a positive control, and a pRNA/HBV disabled ribozyme was used as a negative control ([Supporting Information Table S1](#notes-1){ref-type="notes"}).^[@ref29]^ The cleaved fragments were analyzed by autoradiography.

*In Vitro* Binding and Entry of RNA Nanoparticles into Targeted Cells {#sec4.7}
---------------------------------------------------------------------

KB cells (ATCC) were seeded 1 × 10^4^ per well into chambered glass coverslips for 24 h proliferation in FA-free 1640 medium overnight and treated with 200 nM various Cy5 labeled triangles in the same medium, which included (i) RNA triangles harboring a DNA-FA ligand, (ii) control RNA triangles no DNA-FA ligand, (iii) hybrid RNA triangles harboring DNA-FA ligand, (iv) control hybrid RNA triangles DNA-FA ligand, and (v) cell only at 37 °C for 4 h followed by washing with precooled PBS. The cells were then fixed with 4% paraformaldehyde for 20 min and incubated with DAPI (invitrogen) for 24 h at room temperature. The cells were then assayed for binding and cell entry using Olympus FV1000 Confocal Microscope.

Assay for the Silencing of Luciferase Genes in Cancer Cell Model {#sec4.8}
----------------------------------------------------------------

KB cells, which express firefly luciferase (KB-Luc), were plated at 10 000 cells/well in a 96-well black plate (Corning Life Sciences; Tewksbury, MA) overnight and transected with triangular nanoparticles (12.5 nM) and a positive Survivin siRNA control (Ambion, Inc.) using lipofectamine 2000 (Invitrogen) for 24 h. [d]{.smallcaps}-Luciferin potassium salt (Research Products International Corp., Mount Prospect, IL) was dissolved in sterile PBS to make a stock solution of 10 mg/mL; the cell culture media was removed before addition of 100 μL of a 300 μg/mL solution of [d]{.smallcaps}-luciferin in PBS. Plates were incubated at 37 °C for 5 min before imaging. The IVIS Spectrum system was used for *in vitro* imaging of cells in 96-well plates. For quantification of the detected light, regions of interest were drawn by using Living Image 3.1 software, and the photon counts per second from each well were recorded and plotted. Cell numbers were quantified by staining with sulforhodamine B assay (Geno Technology, St. Louis, MO) as described previously (4WJ).

Construction of 2D Structured Arrays {#sec4.9}
------------------------------------

Individual monomers were assembled by incubation at 37 °C for 30 min in TMS buffer. The resulting triangles were further purified by native 6% PAGE. The pure nanoparticles were mixed at equimolar concentrations (0.5 μM) in Tris-HCl, pH 8.0 buffer, containing 100 mM NaCl and 50 mM MgCl~2~. The high \[Mg^2+^\] concentration is found to be necessary to stabilize the intermolecular interaction of 6 nt sticky ends. The resulting mixture was annealed from 50 to 4 °C overnight prior to native PAGE and AFM analysis. The hexameric structure was achieved in the same manner.
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